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Distinct Regulatory Programs Control the Latent
Regenerative Potential of Dermal Fibroblasts during

Wound Healing
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e Hair follicle (HF) dermal stem cells make minor contributions
to skin and HF neogenesis

e Extrafollicular Hic1* progenitors regenerate injured dermis
and populate neogenic HFs

e Distinct transcriptional and epigenetic changes mediate
fibroblast heterogeneity

e Runx1, retinoic acid, and Hic1 control mesenchymal
regenerative competence
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In Brief

Abbasi et al. show that interfollicular (but
not hair follicle-associated) mesenchymal
progenitors generate the bulk of
reparative fibroblasts in skin wounds.
Wound microenvironments remodel the
regulatory landscape of recruited
fibroblasts, resulting in regeneration
centrally and scar-formation peripherally.
Pharmacogenetic modulation of
regeneration-associated regulators
within wound-activated fibroblasts
modifies healing outcomes.
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SUMMARY

Dermal fibroblasts exhibit considerable heterogeneity during homeostasis and in response to injury. Defining
lineage origins of reparative fibroblasts and regulatory programs that drive fibrosis or, conversely, promote
regeneration will be essential for improving healing outcomes. Using complementary fate-mapping ap-
proaches, we show that hair follicle mesenchymal progenitors make limited contributions to wound repair.
In contrast, extrafollicular progenitors marked by the quiescence-associated factor Hicl generated the
bulk of reparative fibroblasts and exhibited functional divergence, mediating regeneration in the center of
the wound neodermis and scar formation in the periphery. Single-cell RNA-seq revealed unique transcrip-
tional, regulatory, and epithelial-mesenchymal crosstalk signatures that enabled mesenchymal competence
for regeneration. Integration with scATAC-seq highlighted changes in chromatin accessibility within regen-
eration-associated loci. Finally, pharmacological modulation of RUNX1 and retinoic acid signaling or genetic
deletion of Hic1 within wound-activated fibroblasts was sufficient to modulate healing outcomes, suggesting

that reparative fibroblasts have latent but modifiable regenerative capacity.

INTRODUCTION

Following deep skin injury, mammalian evolution has selected for
accelerated wound closure at the expense of generating a
fibrotic scar. Our inability to regenerate functional dermis and
the appendages contained within it is a primary impediment to
human skin wound healing (Eming et al., 2014).

Intriguingly, however, some capacity for tissue regeneration,
including new hair follicle (HF) formation following full-thickness
excisional skin wounds, has been demonstrated in mice (Ito
et al., 2007; Fan et al., 2011; Seifert et al., 2012), serving as a
powerful model to understand the mechanisms underlying skin
regeneration. The epithelial component of neogenic HFs derives
from emigrating extrafollicular Lgr5/Lgr6* epithelial progenitors
that reconstitute a new stem cell niche and resume cyclic regen-
erative function (Ito et al., 2007; Wang et al., 2017). The source of
dermal regeneration remains unknown. Typically, neodermal
repair in mammals involves formation of a fibrotic scar because
of a predominance of incoming dermal fibroblasts predisposed
to excessive production of fibrillar extracellular matrix (Driskell
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et al., 2013; Rinkevich et al., 2015). Thus, determining the origin
of fibroblasts that comprise the specialized mesenchymal cells
that instruct HF neogenesis and how injury-mobilized fibroblasts
evade adoption of fibrotic phenotypes and, conversely, acquire
regenerative mesenchymal competence will be critical to enable
therapies designed to improve wound healing outcomes.

The HF has long been postulated to be a potential source of
regenerative mesenchymal cells during wound healing (Jahoda
and Reynolds, 2001). Indeed, endogenous bipotent dermal
stem cells residing within adult HFs (hfDSCs) function to contin-
uously repopulate HFs with new mesenchymal cells as they un-
dergo repeated cycles of degeneration, remodeling, and regen-
eration (Rahmani et al., 2014). Here we first wanted to find out
whether HF-associated mesenchymal progenitors participate
in wound healing and whether they represent a primary source
of inductive mesenchyme within neogenic HFs. We found that
hfDSCs are mobilized following injury and migrate into wounds
where they generate a small subset of fibroblasts but, contrary
to our hypothesis, contribute only a minority of cells to neogenic
HFs. In contrast, complementary fate mapping of both hfDSCs
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Figure 1. Inductive Mesenchyme within Neogenic Follicles Is Partly Reconstituted from Resident hfDSCs and Their Progeny
(A) Experimental timeline for fate-mapping experiments performed using «SMA-YFP mice, labeling hfDSCs and their progeny.
(B) YFP™* cells in HFs along the wound margin delaminate from the outer root sheath, proliferate (Ki67, red), and migrate into healing wounds to contribute to

dermal repair.
(legend continued on next page)
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and extrafollicular mesenchymal progenitors using the quies-
cence-associated factor hypermethylated in cancer 1 (Hic1)
demonstrated robust contribution to wound neodermis and
more than 90% reconstitution of inductive mesenchyme within
neogenic follicles. Single-cell RNA sequencing and ATAC-seq,
revealed that discrete wound microenvironments activate
unique transcriptional, regulatory, and epigenetic programs
within mobilized extrafollicular fibroblasts, leading to acquisition
of mesenchymal regenerative competence to support skin
regeneration.

RESULTS

hfDSC Progeny Are Minor Contributors to Neogenic HFs
To determine whether hfDSCs and their progeny contribute
to dermal repair or regeneration, we took advantage of
aSMACERT2:Rosa PP (4SMA-YFP) mice that faithfully mark
hfDSCs and their progeny located in the DS (dermal sheath)
and DP (dermal papilla) (Rahmani et al., 2014; Shin et al., 2020)
but not interfollicular fibroblasts during homeostasis. Tamoxifen
was administered to neonatal aSMA-YFP mice to label the
hfDSC lineage, marking nearly all HFs (~30 YFP* DS cells and
~5 YFP* hfDSCs in each HF) (Gonzalez et al., 2017). Mice
received large full-thickness skin wounds at 28 days of age (Fig-
ure 1A), as described previously (Ito et al., 2007). Following
injury, there was an increased density of YFP* cells at the mar-
gins of the wound, particularly surrounding the lower half of
HFs (Figure 1B), suggesting progressive delamination and
migration of hfDSCs and their progeny from wound margins to-
ward the lesion center, where wound-induced HF neogenesis
(WIHN) is typically observed. Indeed, wounds in «SMA-YFP
mice contained neogenic HF pegs by 18-20 days post wounding
(dpw) (Figures 1C and 1D), and a few YFP* hfDSC progenies had
integrated into the DP and DS of nascent hair pegs (Figures 1E
and 1F). Although many neogenic HFs contained aSMA-YFP™*
cells, we also observed ~10% of HFs in which YFP™ cells were
entirely absent (Figure 1G). Because neogenic HFs morphologi-
cally resemble embryonic HFs (Ito et al., 2007), we wanted to find
out whether YFP* hfDSC progeny incorporating into neogenic
follicles recapitulate features of embryonic mesenchyme. Immu-
nostaining for Sox18, which is exclusively expressed in dermal
condensate/DP of all hair types during HF morphogenesis (Fig-
ure 1H; Pennisi et al., 2000), revealed discrete reactivation of
Sox18 in the DP of new HFs (Figure 1l). In contrast, Sox18
expression remained absent in pre-existing HFs surrounding
the wound (data not shown).

Neogenic HFs enter second anagen around 45 dpw (Wang
et al., 2015). To evaluate the fate of mesenchymal populations
within de novo HFs in second anagen and later regenerative cy-
cles, we harvested large wounds at 60, 77, 90, and 140 dpw (Fig-
ures STA-S1H). We compared the frequency of YFP* HFs, DS,
and DP from the second or later hair cycles with the first cycle
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(18-30 dpw). Our analysis showed that 100% of regenerated
HFs contained at least one YFP™ cell after 2 or more HF cycles,
which increased compared with the first cycle (91.83% + 4.1%;
Figure S1l). The frequency of HFs with YFP* DS remained
consistent over successive hair cycles (90.17 + 3.57 versus
90.92 + 5.43, p > 0.5, first hair cycle versus two or more regen-
erative cycles, respectively; Figure S1J). Moreover, the fre-
quency of YFP* DP also increased over multiple hair cycles,
from 76.11 = 9.802 in the first cycle to 88.54 + 3.59 in the subse-
quent cycles (p > 0.5; Figure S1K). To examine the fate of YFP*
DP cells over multiple cycles, we quantified the percentage of
YFP* DP cells in regenerated HFs and found that YFP* hfDSCs
maintained their capacity to populate the DP over consecutive
hair cycles (Figure S1L). Intriguingly, when neogenic HFs transi-
tioned to telogen, a subset of telogen DP retained YFP* cells
(Figures S1C and S1D). In uninjured skin, hfDSCs (and their
labeled progeny) redistribute to the periphery of telogen DP
and do not remain in telogen DP (Rahmani et al., 2014). Also,
over multiple anagen cycles, (~90 dpw), YFP* cells colonizing
neogenic HFs exhibited long-term retention and a successive
capacity to repopulate DP and DS, similar to hfDSCs in adult
skin (Figures S1G and S1H).

These findings demonstrate that, although hfDSC progeny can
reactivate WIHN-associated transcriptional programs, they are
not the primary contributors to dermal wound healing and neo-
genic HFs (Figure 1J). Their overall contribution to regeneration
was limited, considering that many neogenic HFs did not contain
any labeled cells and that more than 75% of mesenchymal cells
comprising each neogenic HF (DP and DS) were aSMA-
YFP~(Figures S1B and S1E-S1I). Labeled and unlabeled fibro-
blasts incorporated into neogenic HFs and generated bona
fide DP/DS cells to support sustained HF regeneration. More-
over, injury-mobilized fibroblasts appeared to re-establish an
equivalent hfDSC population, successively regenerating the DS
over consecutive cycles (Figure S1). Together, this suggests
that follicle-associated mesenchymal cells play only a modest
role in dermal repair and WIHN and that the vast majority of neo-
dermal regeneration and WIHN is carried out by extrafollicular
dermal progenitors/fibroblasts.

Hic1-Lineage-Comprising HFs and Extrafollicular
Fibroblasts Support HF Regeneration within Permissive
Microenvironments

Because hfDSCs made only modest contributions to neogenic
HFs, we set out to determine the origin of the remaining regener-
ative mesenchyme. Recent studies have uncovered a pool of
mesenchymal progenitors (MPs) resident within skeletal muscle
(Scott et al., 2019) and the heart (Soliman et al., 2020) that are
marked by their expression of Hypermethylated in Cancer 1
(Hic1) and activated following tissue injury. Our own previous sin-
gle-cell RNA sequencing (scRNA-seq) characterization of aged
HFs identified Hic1 expression in the HF mesenchyme and

(C-G) By 18 days post-wounding (dpw), most neogenic follicles in the wound (C and D) contain hfDSC progeny (green) within the DP (E) and DS (F), but there is no
contribution to epithelium (Keratin-14, red, F), whereas a subset of neogenic follicles are devoid of hfDSC progeny (G).
(Hand l) Sox18 is uniquely expressed in the DP of developing (embryonic day 17 [E17]) HFs (H) and is similarly activated in hfDSC progeny (green), comprising the

neogenic DP during WIHN (white, 1).

(J) Schematic depicting hfDSC progeny as minor contributors to neogenic HFs.

Scale bars represent 500 um (C), 200 pm (D), 50 um (E-G), and 30 um (H and I). The images in (B)-(D) are tiled and stitched.
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enrichment for Hic1 gene regulatory network activity within
hfDSCs (Shin et al., 2020). Hence, we surmised that Hic1 might
similarly mark a conserved pool of MPs within adult mammalian
skin. To test this, we first wanted to find out which cells in
neonatal and adult skin express Hic1. Our short-term lineage
trace (tamoxifen [TAM] induction at post-natal day 3 (P3)/P4, har-
vest at P7) using Hic1°®ERT2:Rosa™T°™ma mice (or Hic1-tdT)
(Figures 2A and 2B) revealed that tdTomato* cells were preferen-
tially distributed within reticular dermis and a lesser number in
papillary dermis (Figures 2C-2F). Interestingly, Hic1-expressing
cells also reside within perivascular niches and co-express
markers typically associated with fibro-adipogenic MPs, such
as PDGFRa, SCA1 (Ly6a), and CD29 (Figures 2C-2F; Rivera-
Gonzalez et al., 2016; Shook et al., 2018; Soliman et al., 2020).
To assess whether Hic71-expressing cells represent skin MPs,
we wanted to determine whether (1) Hic 1 marked hfDSCs by per-
forming long-term pulse-chase experiments over several HF cy-
cles and assessed retention of Hic7-tdT* cells in the hfDSC
niche, (2) extrafollicular Hic1-lineage cells (comprising Hic1-ex-
pressing MPs and their fibroblast progeny) proliferate to supply
new dermal cells during anagen, and (3) Hic1-lineage cells
bear molecular resemblance to skeletal muscle and car-
diac MPs.

First, short-term fate mapping using Hic7-tdT mice in which
TAM was either administered during second anagen (P25; Fig-
ure S2A, S2C, S2D, S2F, and S2G) or second telogen (P55; Fig-
ure 2E) and skin was harvested 3 days later revealed Hic7-tdT*
cells in the HF dermal cup where hfDSCs reside. Indeed, we
observed high concordance between HicT mRNA and tdTomato
reporter expression (Figure 2C) and undetectable spontaneous
recombination (data not shown), validating use of this strain.
To test whether Hic1 marked hfDSCs, we performed long-term
lineage tracing that extended over two HF cycles (Figures
S2H-S2K) and found that Hic7-tdT* cells were retained in the
dermal cup during telogen over successive cycles (Figures S2I
and S2K) and repopulated DS and DP in anagen (Figure S2J), ex-
hibiting self-renewal and bipotent reconstitution of HF mesen-
chyme, as originally described for hfDSCs (Rahmani et al.,
2014). Thus, Hic1 marks at least a subset of hfDSCs. In addition,
the Hic1 lineage also marked perifollicular adipocytes (Figures
S2M and S2N) but not the arrector pili muscles (Figure S2I).

Second, long-term fate mapping of interfollicular Hic7-lineage
cells (P3/P4 TAM induction, P28 harvest) revealed that a subset
was mitotically active in anagen (Figure 2H) and was preferen-
tially located in the reticular dermis (Figures 21-2L), as observed
in our short-term trace (Figures 2A-2F). Interestingly, this ho-
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meostatic activation of Hic7-expressing skin MPs to support
the anagen-associated increase in HF and extrafollicular mesen-
chyme is unique to skin MPs because skeletal muscle and car-
diac MPs remain in quiescence until challenged with an insult.
In fact, damage-free activation of cardiac MPs leads to fibrofatty
deposits within the myocardium, leading to arrhythmogenic car-
diomyopathy (Soliman et al., 2020).

We then performed a molecular comparison of Hic1-lineage
skin MPs with muscle and heart fibro-adipogenic MPs. Indeed,
Hic1-lineage skin MPs co-expressed Pdgfra, Ly6a (SCA-1),
and Cd29 (Figure 2M). Integration of single-cell transcriptomes
of Hic1-tdT* cells isolated from intact skeletal muscle
(GSM2976778), the heart (GSM4216418), and skin
(GSM2910020) revealed striking similarities conserved across
progenitor pools (Figures 2N-2P). Two distinct and conserved
sub-clusters emerged from this analysis: Mgp™, DIk1", extracel-
lular matrix (ECM)-rich reticular MP1 (annotated FAP1 by Scott
etal., 2019), and Cd26*/Dpp4™*, Wnt2* papillary MP2 (annotated
FAP2). Consistent with the in vivo characterization above,
scRNA-seqg-based quantifications confirmed that the Hic7 line-
age comprises HF (8%) and extrafollicular (73%) fibroblasts
that preferentially reside within reticular dermal niches (49%
reticular versus 24% papillary fibroblasts) (Figure 2Q).

Extrafollicular Hic1-Lineage Fibroblasts Are the Primary
Contributors to Dermal Regeneration and WIHN

To determine whether Hic1-lineage skin MPs (encompassing
hfDSCs and extrafollicular fibroblasts) and their progeny repre-
sent the origin of regenerative fibroblasts during WIHN, we
created large full-thickness excision wounds in Hic7-tdT mice
(4 weeks post-TAM labeling; Figure 3A). Hic1-tdT* cells contrib-
uted to the vast majority of cells comprising the wound neoder-
mis (Figure 3B). Upon inspection of neogenic follicles within large
wounds, we discovered that at hair peg/germ stage, more than
90% of neogenic DP cells within each newly formed follicle
(18-20 dpw) originated from the Hic7-tdT* lineage (Figures 3B
and 3C). Indeed, Hic1-tdT* cells in neogenic DP upregulated
the embryonic DP marker Sox18 (Figure 3D), suggesting that
local signals within the epicenter of the wound or via interaction
with overlying epidermal basal cells initiated molecular pro-
cesses that recapitulated skin morphogenesis. This was in stark
contrast to the limited contribution shown by hfDSC-lineage
cells alone (90.50% =+ 1.228% versus 19.34% + 1.95%, p <
0.0001; Figure 3E), indicating that extrafollicular Hic7-tdT" fibro-
blasts are the primary source of mesenchymal cells within neo-
genic HFs. Next we wanted to find out whether Hic7-tdT" cells

Figure 2. Hic1 Lineage Marks Extra-Follicular Fibroblasts Closely Resembling Mesenchymal Progenitors (MPs) from Other Tissues

(A-F) Short-term fate mapping using Hic1ERT2:RosadT°mat (Hjc1:tdT) mice (A) during first anagen (P7, B) revealed that Hic7:tdT* cells preferentially reside
within perivascular (C) and reticular dermal niches (D-F). Hic1:tdT" cells (red) stained for the endothelial marker CD31 (white, C and D), the papillary fibroblast
marker CD26 (green, C and D), the reticular fibroblast/progenitor marker Sca1 (green, E), and CD29 (green, F).

(G-M) Long-term fate mapping of Hic 7-expressing MPs labeled at P3-P4 and harvested at second anagen (P28) and telogen (P55) revealed Hic1 lineage marks

MPs residing within perivascular and reticular dermal niches.

(H) Immunostaining for Ki67 (green) showing co-localization with a subset of Hic7:tdT* reticular dermis during early anagen.
(I-L) Hic1:tdT" cells (red) co-stained for ITGA8 (green, | and J), CD31 (green, K), and CD26 (green, L) in second anagen (I, K, and L) and telogen (J).

(M) Flow cytometry analysis of Hic71:tdT* cells in telogen and anagen skin.

(N and O) Integration of single-cell transcriptome profiles of Hic1-lineage MPs, colored by tissue of origin (N) and cell types and states (O).
(P) Two distinct MP states can be distinguished by the papillary dermal marker Cd26/Dpp4 and the reticular dermal marker DIk1.
(Q) scRNA-seg-based quantification of Hic7:tdT* lineage composition at P28 anagen.

The images in (C), (E), (I), and (J) are tiled and stitched.
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(D) Hic1:tdT* cells (red) within the neogenic DP reactivate Sox18 (white).

(E) Comparison of inductive DP reconstitution capacity in hfDSC lineage cells (¢SMA:YFP*) versus the combination of hfDSCs and extra-follicular progenitors
(

Hic1:tdT*). n = 5 mice from each group with 10-45 HFs analyzed per mouse; ***p < 0.0001 (t test), df = 71.
(F) Telogen HFs at 70 dpw show retention of Hic7:tdT* cells (red) in resting DP. Hair germ is stained with p-cadherin (blue).
(G) High-magnification inset from (F).

(legend continued on next page)
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provide sustained inductive function and could reconstitute the
HF mesenchyme over consecutive hair cycles. To do this,
wounds were collected at 70 and 85 dpw, allowing HFs to un-
dergo at least two regenerative cycles. At 70 dpw, when the
neogenic HFs are in telogen, almost all DP cells were Hic1:tdT*
(Figures 3F and 3G). Similarly, at 85 dpw, when neogenic follicles
re-entered anagen, we found that the anagen DP was almost
entirely comprised of Hic1-tdT* cells (Figure 3H). In summary,
extrafollicular Hic7-tdT* fibroblasts demonstrated a robust
contribution to neodermis and more than 90% reconstitution of
inductive mesenchyme within neogenic HFs (Figure 3l). Impor-
tantly, similar levels of reconstitution by Hic7-lineage cells was
observed following small wounds (Figure S3A). Also, because
it has been recently that injury-responsive myofibroblasts can
undergo  myofibroblast-to-adipocyte transformations to
generate new fat around neogenic follicles (Plikus et al., 2017),
we wanted to find out whether Hic7-tdT* myofibroblasts ex-
hibited similar plasticity. Lineage tracing of Hic7-tdT" cells
extended to more than 60 days post-injury revealed that Hic1-
tdT* cells express the adipocyte marker perilipin (Figures S3B
and S3C).

To further confirm the capacity of extrafollicular Hic1-lineage
cells to reconstitute the HF niche and instruct epithelial cells to
generate new HFs, we prospectively isolated Hic7-tdT™ cells
from adult anagen skin and partitioned them into HF-associated
and non-HF populations (Figures S3D and S3E). HF-associated
Hic1-tdT* cells were identified by expression of Cd133 or ltga9
(both indicative of DP) and Iltga8* or Cd200™" cells (indicative of
DS) (Figure S3F). Each population was then combined with
neonatal epithelial cells and transplanted into immune-deficient
mice to assess their capacity to induce HF formation when pro-
vided with a permissive environment (Zheng et al., 2005; Bier-
naskie et al., 2009). Epithelial cells alone and epithelial cells com-
bined with Hic1-tdT~ cells showed only rare HF formation, and
they were typically small and abnormally shaped (Figures S3G
and S3H). Intriguingly, Hic1-tdT* cells were capable of robust
HF induction and reconstitution of all mesenchymal compart-
ments within the newly formed HFs, irrespective of their prior as-
sociation with a HF (Figures S3I-S3N). Together, these results
establish that extrafollicular Hic7-lineage MPs generate fibro-
blasts that are recruited into large wounds, where they acquire
functionally diverse fibroblast fates (including inductive DP,
hfDSCs, and DS) and adipocytes to enable neodermal
regeneration.

Single-Cell Transcriptomics Reveals that Distinct
Molecular Programs Regulate Fibroblast Response to
Injury

To dissect the molecular programs driving divergent fibroblast
fates during fibrotic and regenerative healing, we profiled
29,269 single cells from uninjured skin (P28), small wounds at
8 and 14 dpw, and large wounds (divided into central and periph-
eral domains) at 14 dpw. To increase power for interrogating
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fibroblast heterogeneity, Hic7:tdT* and tdT~ cells were purified
by fluorescence-activated cell sorting (FACS) to enrich fibro-
blasts and wound microenvironment-establishing cells, respec-
tively, and profiled using the droplet-based 10x Genomics sys-
tem (v.2 chemistry) (Zheng et al., 2017; Stratton et al., 2019b).
We selected 12,326 Hic1-tdT* fibroblasts based on Pdgfra,
Dpt, and tdTomato expression (Figures S4A-S4C) and per-
formed unsupervised clustering using t-distributed stochastic
neighbor embedding (t-SNE) to assess transcriptional heteroge-
neity within fibroblasts isolated from different wound types (Fig-
ure S4D). Because most clusters contained fibroblasts from one
wound type (and mixed clusters may have arisen from imprecise
margin delineation across 2 pooled wounds), fibroblasts in the
outlined clusters that met quality control gating were reclustered
and colored according to wound type (Figure 4A).

Next we examined the overall transcriptional relatedness of fi-
broblasts isolated from different wound types (Figure 4B) and
found that, although an earlier wound stage-matched small
wound (SW) is a better comparator for large wounds (LWs) 14
dpw, the overarching transcriptional landscape acquired by
LW fibroblasts is quite distinct (Figures 4A-4C). To identify the
wound-specific fibroblast transcriptional response, we calcu-
lated the difference in gene expression for each gene between
fibroblasts in that wound sample and compared it with the
average of fibroblast expression from all other wound types
and uninjured skin. LW 14 dpw fibroblasts showed an overall
enrichment of genes associated previously with specification
of embryonic dermis, including Crabp1, Tnmd, Ptn, and Igfbp2
(Sennett et al., 2015; Budnick et al., 2016). To further dissect
regional variation in fibroblasts recruited to central versus pe-
ripheral domains of LWs, we reclustered all LW 14 dpw fibro-
blasts and colored according to the wound region (Figure 4D)
and cluster ID (Figure 4E). Unbiased determination of clusters
was determined using the Louvain algorithm, and assignment
of each cluster to either wound domain was quantitatively deter-
mined by percent cell distribution (Figures 4E and 4F). LW center
(LWC) fibroblasts preferentially expressed cellular retinoid-bind-
ing proteins (i.e., Crabp1 and Fabp5) and Runx1, whereas LW
periphery (LWP) fibroblasts expressed scar-associated markers
such as DIk1, Scal, and Mest (Guerrero-Juarez et al., 2019; Fig-
ure 4G). Intriguingly, acquisition of near-identical regenerative
(i.e., Crabp1, Prss35, and Fabp5) and fibrotic (i.e., DIk1 and
Sca1) programs in aSMA* myofibroblasts within central and pe-
ripheral domains occurs much earlier than scab detachment/HF
neogenesis (Figures S4H-S4J). This suggests that mesenchymal
competence is established much earlier than neogenic events
and is subsequently sustained for at least a 9-day window as
de novo placodes continue to emerge until 19 dpw (Fan
et al., 2011).

Because LWP fibroblasts shared a striking overlap with LWC fi-
broblasts at the gene expression level (Figure 4D), we reclustered
LWC fibroblasts to subdivide them into regenerative LWC upper
dermis (Crabp1, Fabp5, Prss35, and Runx1) and non-regenerative

(H) Anagen neogenic follicles at 85 days post-injury show a sustained presence of Hic1:tdT" cells (red) within DP (arrow) and DS (arrowheads) over multiple hair

cycles.

(l) Schematic depicting extrafollicular Hic1-lineage fibroblasts as the primary contributor to dermal regeneration and WIHN.
Nuclei are stained with Hoechst (white) in (C)—(H). Scale bars represent 200 um (B-D) and 30 um (F). The images in (B) are tiled and stitched. HF, hair follicle; DP,
dermal papilla; hfDSC, hair follicle dermal stem cells; WIHN, wound-induces hair follicle neogenesis; df, degrees of freedom.
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LWC (DIk1, Scat, and Mest) lower dermis, as described previously
(Guerrero-Juarez et al., 2019; Figures 4H-4J). We spatially map-
ped LWC upper dermal fibroblasts by co-staining with Crabp1
and Prss35 RNAscope probes at 15 dpw (Figure 4K). Indeed,
Crabp1*/Prss35* fibroblasts localized within the upper, superficial
neodermis (and were entirely absent from the deep neodermis) in
wounds. This suggests that spatial segregation of fibroblasts and
their interactions with overlying epidermal basal cells were neces-
sary for acquisition of regenerative competence. Because epithe-
lial-mesenchymal interaction between competent fibroblasts and
epidermal stem cells initiates de novo HF formation in embryonic
skin, we reasoned that similar regulatory interactions may estab-
lish regenerative competence to enable WIHN. Indeed, overlaying
14 dpw LWC upper dermal fibroblasts with LWC epidermal cells
using CellPhoneDB (Vento-Tormo et al., 2018) revealed a unique
interactome (compared with SWs 8 dpw; Figure S4E), reminiscent
of signals exchanged during HF morphogenesis. For example,
ephrin receptors (i.e., Efna2, Efna4, and Efnb1) and ligands (i.e.,
Epha1, Epha4, Epha5, Ephb2, and Ephb6), known to act as nega-
tive regulators of epidermal proliferation during embryonic skin
morphogenesis (Genander, Holmberg and Frisén, 2010), were
predicted to interact within the regenerative neodermis, suggest-
ing that reactivation of conserved regulatory interactions enables
mesenchymal competence for regeneration (Figure 4L).

Activation of Unique Gene-Regulatory Networks (GRNs)
Underlies Regenerative Competence in Wound-
Responsive Fibroblasts

To identify signaling networks that might confer regenerative or
fibrotic fibroblast function, we first performed single-cell regula-
tory network inference and clustering (SCENIC) analysis (Aibar
etal., 2017) on Hic1-lineage fibroblasts from LWs, SWs, and un-
injured skin (Figures S5A-5E). Fibroblasts from SWs at 8 dpw
showed the greatest similarity to LW 14 dpw fibroblasts, as re-
vealed by hierarchical clustering using regulon (co-expressed
target genes regulated by a transcription factor) activity. Intrigu-
ingly, although the transcriptional repressor of Hedgehog (Hh)
signaling, Glis2, is active in SW 8 dpw fibroblasts, direct effectors
of Hh signaling, such as Gli1, are active only in LWC 14 dpw fi-
broblasts (Figures S5A-S5D). This supports the view that Hh
signaling downstream of B-catenin contributes to mesenchymal
competence for regeneration of de novo HFs within interfollicular
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epidermis (Silva-Vargas et al., 2005) and SWs (Lim et al., 2018).
We also identified a set of 9 core regulons (Xrcc4, Rab14, Bmyc,
Mitf, Irf8, KIf5, Zic1, Gli1, and Etv1) shared between the LWC 14
dwp and uninjured skin that have been implicated previously in
acquisition of dermal condensate induction during HF morpho-
genesis (Rend| et al., 2005; Cadau et al., 2013) but were absent
during fibrotic healing (Figure S5D).

To dissect WIHN regulators active in a region-specific fashion,
we performed t-SNE reduction using SCENIC’s regulon matrix
and annotated fibroblasts based on their location in LWs 14
dpw (LWC or LWP; Figures 5A-5C). Although transcription fac-
tors (TFs) such as Cd59 and Prxx1 exhibited predictable patterns
of transcript enrichment (yellow) paired with concomitant activa-
tion of downstream regulatory networks (blue) in LWP fibroblasts
(Figure 5B), we observed highly discrepant TF network activity in
LWC fibroblasts (Figure 5C). Notably, although LWC and LWP fi-
broblasts expressed comparable levels of Thap11, Gt3a, and
Rara mRNA, this was not reflected by TF network activity
because they were preferentially active (area under the curve
[AUC]; Figures 5B and 5C) within LWC fibroblasts.

Acquisition of Hair-Inductive Capacity within
Regeneration-Competent Fibroblasts

To further dissect transcriptional programs driving acquisition of
a dermal condensate/DP state and the instructive signal that ini-
tiates epithelial proliferation and invagination within the LWC, we
applied diffusion map (DM) analysis on LWC upper dermal fibro-
blasts (identified in Figure 4l). Because DM analysis reveals a
phenotypic continuum by ordering cells based on transcriptional
similarity (Haghverdi et al., 2016), we wanted to find out whether
continuous transcriptional states connected inductive Crabp1™*
LWC upper dermal fibroblasts to neogenic condensate cells.
Interestingly, we observed a sequence of related transcriptional
states that expressed markers associated with inductive mesen-
chyme (Crabp1), DS/hfDSCs (S700a4 and Cd200) (Shin et al.,
2020), and early dermal condensate/DP markers (Rspo3 and
Sox18), as confirmed by RNAScope (Figures 6A-6C). Overlaying
Rspo3* Sox18* neogenic DP cells (Sennett et al., 2015; Joost
et al., 2020) with Wnt3* Fgfr2* placode cells (Sennett et al.,
2015) (captured in the Hic1-tdT~ fraction; data not shown) re-
vealed receptor-ligand interactions (Figure 6D) that were distinct
from LWC upper dermal fibroblasts with LWC epidermal cells

Figure 4. Hic1-Lineage Dermal Fibroblasts Are Recruited to Regenerative and Fibrotic Wounds and Exhibit Transcriptional and Functional

Divergence

(A) Unsupervised clustering of fibroblasts enriched in each wound projected on a t-SNE (determined by examining 12,326 fibroblasts in Figure S4D).

(B) Hierarchical clustering by average gene expression.
(C) Heatmap of top markers in each fibroblast subset.

(D and E) LW fibroblasts subclustered and projected on a t-SNE; cells are colored by wound region (D) and cluster ID (clustering resolution, 0.6, E).

(F) Relative contribution of LWC and LWP fibroblasts to each cluster.

(G) Violin plots showing enrichment of myofibroblastic markers (DIk7, Sca1, and Mest) in LWP clusters and, conversely, embryonic fibroblast markers (Crabp1,
Fabp5, and Runx1) in LWC clusters. The y axis is on alog scale. Clusters are classified as being enriched for one sample type when more than 70% of fibroblasts in
that cluster originated from any one sample.

(H-J) Subclustering fibroblasts from LWC 14 dpw reveals two subpopulations, each comprising several clusters (clustering resolution, 0.6, H), distinguished by
expression of myofibroblast or embryonic fibroblast markers (I and J). The DIk1™ Sca1™ Mest™ population is termed “lower dermal fibroblast,” Crabp1" Fabp5™
Prss35™ is termed “upper dermal fibroblast,” and clusters containing a mixture of the two gene sets are termed “mixed.”

(K) Spatial distribution of upper dermal fibroblasts within wound neodermis was confirmed with RNAScope for Crabp1 (red) and Prss35 (green).

(L) Divergent epithelial (green)-mesenchymal (pink) crosstalk initiated by upper dermal fibroblast in LWC 14 dpw compared with SW 8 dpw (Figure S4E). Ligands
are shown in yellow and receptors in blue.

The images in (K) are tiled and stitched. Ul, uninjured; SW, small wound; LW, large wound; LWC, LW center.
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(Figure 4L). Notably, we inferred the retinoic acid-inducible
growth factor Midkine (Mdk) being secreted by neogenic DP
cells that activate Lrp1 or Ptprz1 receptors in epithelial placodes
(Figure 6D). Because Mdk is a confirmed secreted DP signal
(Rendl et al., 2005) and a direct product of a retinoic acid-respon-
sive gene (Muramatsu, 1993), it suggests that unique patterns of
gene regulatory network activation are engaged within regener-
ative fibroblasts to enact distinct transcriptional and functional
states associated with inductive capacity.

Because HF induction is exclusive to LWC upper dermal fibro-
blasts, we surmised that fibroblasts in the LWC activated at least
two distinct sets of regulatory programs. One set imprinted
regenerative plasticity within upper fibroblasts, whereas the
other set enacted a scar forming phenotype within lower fibro-
blasts. Indeed, fibroblasts projected onto a t-SNE map based
on regulon activity reproduced similar upper versus lower dermal
fibroblast separation (Figures S6A-S6C), as seen with Seurat
clustering (Figure 4H). Intriguingly, we also observed near-com-
plete recapitulation of the highly conserved Hox transcriptional
program that encodes positional identity and regulates
patterning of new HFs in a site-specific fashion within upper
dermal fibroblasts (Figure S6B; Rinn et al., 2006, 2008; Yu
et al., 2018). This provides compelling evidence that reinstating
pre-injury positional identity through reactivation of body plan-
specifying TFs may be an important prerequisite for regenera-
tion. We again observed regionalized activation of TFs such as
Fosl2, Tcf4, and Kif4, factors that were characterized previously
as pan-myofibroblastic markers based on gene expression
alone (Figure S6C; Guerrero-Juarez et al., 2019). Among LWC
upper dermal fibroblasts, we attempted to identify TFs that
may confer an inductive mesenchymal fate to enable WIHN.
We found that overlapping activation of TFs forms a continuum,
starting from competent Creb3®°"® Foxp712°™e LWC upper
dermal fibroblasts to Nfyb3°tve Zjct3ctive gy 13°tve neogenic
condensate/DP (Figures S6D-S6F).

Taken together, these data identify several regionally specified
fibroblasts states, each enacted by a distinct set of GRN activity
that enables competence for WIHN or promotes a scar-forming
fate. Surprisingly, it also reveals several highly discrepant GRNs
where transcript abundance does not reflect TFs activity for the
same factor. This suggests that regionalized fibroblast plasticity
maybe driven (at least in part) through post-transcriptional or
epigenetic mechanisms, similar to those documented recently
during neural lineage transitions (Baser et al., 2019; Stratton et
al., 2019).

Epigenetic Signatures Distinguish Fibroblast States
within Neogenic Domains

Epigenetic changes accompanying wound healing are poorly
understood (Plikus et al., 2015). Two independent observations
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hint that epigenomes may serve as key determinants of fibro-
blast function during regenerative healing. First, we observed
robust reactivation of genes and GRNs exclusively expressed
in dermal condensate/DP during embryonic HF morphogenesis
in non-hair-fated fibroblasts recruited to LWs (Figures 4 and
5A-5C). This implies that interfollicular fibroblasts harbor a
latent capacity to undergo significant epigenetic alterations to
reactivate early dermal transcriptional states and acquire induc-
tive mesenchymal function. Second, although transcriptional
changes may be necessary for skin and HF regeneration, they
are not sufficient for key TFs to activate its downstream targets.
This raises the possibility that fibroblast epigenetic status may
enable or occlude TF activity by modulating genome-wide
DNA motif accessibility. To directly test both possibilities, we
performed single-cell ATAC-seq to assay genome-wide chro-
matin accessibility at the LWC 14 dpw (Figure 5D). To first find
out whether upper and lower dermal fibroblasts enacted distinct
epigenetic landscapes, we compared cells that had Pdgfra and
Crabp1 accessible (upper fibroblasts) with those that had Pdgfra
but not Crabp1 accessible (lower fibroblasts). This revealed
29,929 peaks, 12,629 promoters, and 579 TF motifs as compar-
atively enriched features between the two fibroblast populations.
Interestingly, comparing accessibility between promoter sums
revealed the embryonically active proteoglycan Lum (6.6 log,
fold change) and metabolic regulator Prr16 (5.8 log, fold change)
as part of the upper fibroblast chromatin signature (Figure 5E).
Among the 579 differentially enriched motifs, we found that a
number of TFs were jointly predicted as being differentially
accessible and active within upper and lower fibroblasts (Fig-
ure 5F). These included homeobox-containing (HOX) B/C family
TFs, suggesting that their functional activation maybe a direct
consequence of enhanced accessibility of its cognate motifs.
We then wanted to find out whether pairwise correspondence
between fibroblasts in the single-cell assay for transposase-
accessible chromatin using sequencing (scATAC-seq) and
scRNA-seq datasets could reveal HF-associated epigenetic sig-
natures. Because deconvoluting cell states using scATAC-seq
measurements alone is difficult because of its sparse binarized
structure (S.S., A.T. Ansuman, W. Zhou, H. Ji, J.A.S., A.J., N.
Babhlis, S. Morrissy, and J.B., unpublished data), we integrated
scATAC-seq with LWC 14 dpw upper dermal fibroblast
scRNA-seq (Figures 6D-6F; Stuart et al., 2019). Indeed, we
find that emergent HF mesenchymal states are associated with
distinct chromatin landscapes to enable precise transcriptional
regulation (Figures 6E and 6F). For example, the bone morpho-
genetic protein (BMP) antagonist Grem2 is highly accessible
over the entire gene body within competent LWC fibroblasts
(Figure 6F), but its accessibility is lost following commitment to
a HF mesenchymal fate. We also find dynamic changes in distant
regulatory elements predicted to be co-accessible with known

Figure 5. Distinct Regulatory Network Activity Is Enabled by Preferential Chromatin Accessibility to Regeneration-Associated TFs

(A) GRN-based clustering colored by LWC (red) and LWP (blue) fibroblasts reveals distinct regulatory states enacting regionally specified fibroblast responses.
(B and C) t-SNE plots showing mRNA (yellow), binary regulon activity (active (blue) or inactive (gray)), and kernel density line AUC histogram plotting TF activation
inferred by SCENIC. Examples of differentially active regulons in LWP 14 dpw (B) or LWC 14 dpw (C).

(D) Schematic summarizing scATAC-seq and scRNA-seq measurements from fibroblasts isolated from LWC 14 dpw.

(E) Pseudo-bulk ATAC profiles comparing Pdgfra* Crabp1* (inductive) versus Pdgfra* Crabp1~ (non-inductive) fibroblasts.

(F) Correspondence between TFs with enrichment in binding motifs (measured by scATAC-seq) and activation of their regulatory networks (GRN inference using
scRNA-segq/SCENIC). LWP, LW periphery; AUC, area under the curve; TF, transcription factors.
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regulators of embryonic skin (as seen with Casz7; Figure 6F) and
enhanced accessibility paired with concomitant activation of
several regulatory TFs, including known HF regulators, such as
Hey1, within neogenic condensate/DP (Figure S6E). The full list
of state-specific peaks, motifs, and pseudo-bulk coverage
tracks can be visualized on Wound Atlas (http://www.
biernaskielab.ca/wound_atlas; Figure S7D).

Together, our multi-omics characterization unearths comple-
mentary layers of regulatory control governing fibroblast function
and shortlists key TFs (determined by orthogonal genomic mea-
surements) that may function as important molecular targets for
inciting successful dermal regeneration and/or mitigating
fibrosis.

Single-Cell Multi-omics Reveal Runx1 and Retinoic Acid
as Master Regulators of Mesenchymal Regeneration

To assess the functional significance of regulators identified
through multi-omics profiling, we shortlisted retinoic acid
(RA) and Runx1 pathways because several TFs driving these
networks were exclusively active within regenerative LWC
upper dermal fibroblasts (Figures 7A-7D). To determine
whether RA and Runx1 signaling were necessary to enable
WIHN, we applied small-molecule inhibitors to healing
wounds (from 5-18 dpw). Consistent with their putative roles
as master regulators of mesenchymal competence, RA and
Runx1 inhibition ameliorated the regenerative potential, result-
ing in 6.3 + 0.6 and 5.3 = 0.7 neogenic HFs respectively,
compared with 10.1 + 1.1 HFs in vehicle controls. Conversely,
application of exogenous RA augmented the regenerative ca-
pacity, resulting in a 1.5-fold increase in neogenic HFs (16.7 +
1.8; Figure 7F; Figure S7A). Together, our data support a high-
ly plastic view of interfollicular fibroblasts recruited to LWs.
Not only do they undergo considerable genomic and pheno-
typic alterations to acquire highly specialized, non-native
functions post-injury, but their propensity to do so can be
pharmacologically modulated. To enable broad dissemination
of identified candidates, we built a searchable companion
website called Wound Atlas (http://www.biernaskielab.ca/
wound_atlas; Figures S7B-S7D). This platform will be period-
ically updated as additional data are accrued, with the hope
that it will inspire efforts toward modulating mesenchymal dy-
namics across tissues.

Hic1 Deletion Enhances WIHN by Increasing Fibroblast
Density within Regenerative Domains of LWs

Because Hic1 regulates MP quiescence, and its inactivation re-
sults in MP overactivation after skeletal muscle and cardiac
damage, leading to fibrosis (Scott et al., 2019; Soliman et al.,
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2020), we wanted to find out whether Hic1 insufficiency would
similarly alter dermal wound healing outcomes. To assess the
cell-autonomous effect of Hic1 deletion in isolated dermal
progenitors, we FACS-isolated ITGa8*/CD200*/tdTomato™*
dermal progenitors (Shin et al., 2020; Hagner et al., 2020) from
OCSMAcreERTQ Rosathomato: Hic1f|o>df|ox (or Hic1f|ox/flo><) and
Hic1"WT"T mice and grew them in vitro in the presence of known
mitogens. Consistent with its reported role as a tumor suppres-
sor, we found that Hic1"1°* dermal progenitors exhibited a
marked increase in colony number relative to littermate
Hic1WTWT control cells (p < 0.05) (Figures S7B-S7C). Remark-
ably, the effect of Hic1 deficiency on proliferation was further
magnified (nearly a 5-fold increase) when secondary colony for-
mation was examined (Figure S7C). Next we wanted to find out
whether Hic1 deletion within wound-activated «SMA™ myofibro-
blasts (using the same aSMAC™ERT2 RoggtdTomato.yjq gflox/flox
mice) altered WIHN. Intriguingly, although Hic1 inactivation at
early wound stages (2-6 dpw; Figure 7G) resulted in a dramatic
4-fold increase in the number of neogenic HFs (Hic1WTWT, 7.3 +
2.1 HFs; Hic1"o¥ox 29 7 + 9.3 HFs; Figures 7G-7l), late-stage
inactivation (12-16 dpw) had no effect on WIHN (Figures 7K-
7M). This enhanced regenerative capacity was associated with
a significantly higher «SMA-tdTomato* fibroblast density specif-
ically within the central regenerative domain but not in the pe-
ripheral scar-forming domain of LWs (Figure 7N). Together, this
supports the notion that Hic1 deficiency does not intrinsically
bias fibroblasts to adopt a pro-fibrotic response but, rather,
that fibroblasts are equally amenable to adopt regenerative
competence when exposed to an appropriately permissive
environment. Transient modulation of Hic7 to more effectively
mobilize skin MPs during wound healing, coupled with provision
of a permissive (pro-regenerative) wound environment, may
represent a viable therapeutic approach to enhance wound
healing outcomes.

DISCUSSION

Despite their innate regenerative propensity, self-renewing
hfDSCs and their progeny made only modest contributions to
wound repair and HF neogenesis. Rather, extrafollicular fibro-
blast pools derived from Hic1-expressing MPs were the primary
source of reparative fibroblasts in adult mouse skin. These find-
ings contradict the notion that migration and reassembly of pre-
existing, “pro-regenerative” HF progenitors are necessary for
skin regeneration. Rather, our data support the view that, when
provided with a permissive environment, such as that found in
the LWC, mobilized interfollicular fibroblasts are able to acquire
regenerative competence and make robust contributions to de

Figure 6. Epigenetic Changes in Chromatin Accessibility Underlie Fibroblast Functional Divergence within Regenerative Domains of LWs
(A and B) DM of LWC upper dermal fibroblasts reveals continuity of transcriptional states (A) connecting inductive Crabp1* upper dermal fibroblasts to Crabp1*

Rspo3* Sox18* neogenic condensate (B).

(C) Rspo3 RNA and Sox18 protein in neogenic condensate cells within the LWC.

(D) Epithelial (orown)-mesenchymal (purple) crosstalk between Rspo3* Sox18* neogenic condensate-epithelial placode reveals a striking resemblance to signals
during HF morphogenesis. Ligands are highlighted in yellow. Receptors are highlighted in green.

(E) Schematic summarizing integrated transcriptomic (scRNA-seq) and epigenomic (scATAC-seq) assessment of regeneration-competent LWC fibroblasts.
(F) Uniform Manifold Approximation and Projection (UMAP) of Crabp1* inductive fibroblasts queried for features marking HF mesenchymal fates.

(G) Pseudo-bulk ATAC profiles of integrated fibroblast states show enriched accessibility near embryonic fibroblast (i.e., Grem2 and Casz1) and HF marker (i.e.,

Ednrb) genes. DSC, dermal stem cell; CTS, connective tissue sheath.
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novo HF morphogenesis and adipogenesis following injury.
Thus, wound-activated fibroblasts, irrespective of their origins
within uninjured skin, harbor a latent regenerative capacity that
can be unmasked when exposed to a permissive environment.
Our observations mirror the epithelial origin of neogenic HFs
because progeny of pre-existing HF epithelial stem/progenitors
do not contribute to WIHN (lto et al., 2007). These converging
lines of evidence emphasize the cellular plasticity (epithelial
and mesenchymal) that is unmasked given exposure to appro-
priate microenvironmental cues.

Single-cell profiling of fibroblasts within central domains of
LWs revealed significant transcriptional, regulatory, and epige-
netic divergence from the fibrotic periphery of LW or SW fibro-
blasts that enables acquisition of a regenerative state. Intrigu-
ingly, several TFs predicted to drive the observed gene
expression patterns also exhibited an over-representation of
sequence motifs in our scATAC-seq measurements. For
example, a unique combination of Hox TFs (i.e., c6, c8, and
a10) that maintain HF and dorsal dermal spatial identity in adult
skin (Yu et al., 2018) were reactivated (and several correspond-
ing TF motifs that showed enhanced accessibility) specifically
within regeneration-competent fibroblasts. Hence, regionalized
re-establishment of mesenchymal positional identity may be a
necessary step in acquiring regenerative competence.

The ligand-inducible retinoic acid receptor (RAR) and Runx1
TFs were also jointly predicted by single-cell multi-omics as
drivers of mesenchymal competence. RA synthesis, triggered
by damage-induced double-stranded RNA (dsRNA) release,
acts to prime epidermal keratinocytes for WIHN through TLR3
activation (Kim et al., 2019). Here we propose that RA also simul-
taneously unmasks mesenchymal competence for regeneration
by activating its nuclear receptors (RARs), which drives a distinct
downstream regulatory network (including several dermal
condensate genes such as Enpp2, Hck, and Heyl) in a regional-
ized fashion. Similarly, activation of Runx1, a TF that, in turn, ac-
tivates Stat3 (Scheitz et al., 2012), also a key initiator of WIHN
(Nelson et al., 2015), has been shown to promote mesenchymal
proliferation, whereas its deficiency is linked to actin polymeriza-
tion and myofibroblast differentiation (Kim et al., 2014). Indeed,
our in vivo pharmacologic studies confirm that RARs and
Runx1 are key mesenchymal regulators of regenerative compe-
tence and that perturbations of these networks would affect
healing.

Given that interfollicular Hic7-lineage cells bear a striking
resemblance to MPs in skeletal muscle and the heart, we
wanted to find out whether a common set of lineage programs
regulates their response to insult and possibly unmasks their
pathogenic potential. An obvious candidate was the transcrip-
tional repressor Hic1, considering that its inactivation within
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cardiac and skeletal muscle MPs leads to a hyperactivated
MP response that drives excessive fibrotic scarring (Scott
et al., 2019; Kim and Braun, 2020; Soliman et al., 2020). Intrigu-
ingly, although Hic1 inactivation predictably increased prolifer-
ation in isolated and wound-activated dermal progenitors, it
paradoxically enhanced regeneration following skin injury, as
indicated by a marked increase in neogenic HFs. Although
consistent with the broader notion that Hic7 inactivation li-
censes fibroblast activation across different tissues, our results
highlight how different environmental contexts shape their final
fate and function. Although notexin-induced skeletal muscle
damage triggers ectopic fibroblast expansion followed by rapid
clearance (leaving behind only a small pool of quiescent MPs
that reoccupy their perivascular niche), a sustained fibroblast
presence in neodermis is crucial for restoring dermal architec-
ture. Thus, recruiting additional fibroblasts within the central
pro-regenerative microenvironment of large skin wounds en-
hances tissue neomorphogenesis, whereas excess MP deriva-
tives in skeletal muscle and the heart contribute to persistent fi-
brofatty deposits and pathogenic repair. Our dissection of
regulatory programs casts new light on how functional diversity
among fibroblasts is enacted post-wounding. Our companion
website, Wound Atlas, will enable further exploration of the mo-
lecular regulators of mesenchymal fate and function. Because
Hic1-lineage MPs appear to share overlapping regulatory
mechanisms, modulation of identified networks may be useful
in mitigating fibrosis and promoting mesenchymal regeneration
across various organ systems (Scott et al.,, 2019; Soliman
et al., 2020).

In summary, when provided with a permissive environment,
mobilized extrafollicular fibroblasts that originate from Hic7-ex-
pressing MPs are able to acquire inductive mesenchymal
fates that subsequently participate in HF neogenesis. Assump-
tion of regenerative competence in mobilized fibroblasts
occurs by reactivating distinct, embryonic-like regulatory
states upon entry into pro-regenerative (central) wound micro-
environments. Together, these findings clarify cellular and mo-
lecular targets for future interventions designed to exploit this
latent regenerative capacity and, ultimately, improve wound
healing outcomes.

Limitations of Study

Pooling of wound tissues from sex-controlled biological repli-
cates for single-cell genomic experiments precluded unbiased
assessment of biologic or sex-specific variations contributing
to fibroblast states. Although single-cell ATAC-seq measure-
ments from LWC cells compare regeneration-competent versus
non-regenerative fibroblasts, it precludes determination of dif-
ferential chromatin/motif accessibility between fibroblasts

Figure 7. Perturbing Regulators of Mesenchymal Regenerative Competence Alters Skin Regeneration

(A-C) GRN-based clustering colored by LWC upper and lower dermal fibroblasts (A) revealed RARs (B) and Runx1 (C).

(D) Pseudo-bulk ATAC-seq profiles of Runx1 and RXRA::NR4A2 heterodimer binding motifs overrepresented in Crabp1* inductive fibroblasts.

(E and F) Pharmacologic modulation of RAR and Runx1 during wound healing (E) alters HF neogenesis (F).

(G) Experimental design of early TAM-inducible Hic1 deletion within «SMA:tdTomato™* fibroblasts.

(H and I) Representative pictures (H) and quantification of neogenic HFs (1) following Hic1 deletion.

(J) Experimental design of late TAM-inducible Hic1 deletion within «SMA:tdTomato™ fibroblasts.

(K and L) Representative pictures (K) and quantification of neogenic HFs (L) following late Hic7 deletion.

(M) Protocol (M) and «SMA:tdTomato™* fibroblast density quantification (N) within different wound domains at P28 (n = 12).

Data are mean + SEM. *p < 0.05, **p < 0.005, ***p < 0.0005, ****p < 0.0001. LWC, large wound center; HF, hair follicle; TAM, tamoxifen; RAR, retinoic acid receptor.

410 Cell Stem Cell 27, 396-412, September 3, 2020



Cell Stem Cell

recruited to different wound regions (LWC versus LWP) or wound
type (SWs versus LWs).
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Antibodies

Rabbit anti-Keratin5 Biolegend Cat# 905504; RRID: AB_2616956
Rabbit anti-Keratin14 Biolegend Cat# 905304; RRID: AB_2616896
Goat anti-ITGa8 R&D Systems Cat# AF4076; RRID: AB_2296280
Goat anti-ITGa9 R&D Systems Cat# AF3824; RRID: AB_1151977
Rat anti-CD200 Abcam Cat# ab33734; RRID: AB_726239
Anti-CD133-AF 488 Sigma-Albrich Cat# 53-1331-80, RRID: AB_529615
Chicken anti-GFP Millipore Cat# AB3080; RRID: AB_91337
Rabbit anti-Versican Millipore Cat# AB0133

Goat anti-Sox18 Santa Cruz BT Cat# sc-166025; RRID: AB_2195662
Goat anti-P-Cadherin R&D Systems Cat# AF761; RRID: AB_355581

Rat anti-Ki67 Dako Cat# M7249; RRID: AB_2250503
Rabbit anti-Lef1 Cell Signaling Cat# 2230, RRID: AB_823558

Goat anti-CD26 R&D Systems Cat# AF954, RRID: AB_355739

Rat anti-CD31
Rabbit anti-FABP4

Acris antibodies
R&D Systems

Cat# BM4086, RRID: AB_975771
Cat# AF1443, RRID: AB_2102444

Goat anti-Rabbit Alexa Fluor 488/555/647 Life Technologies N/A

Goat anti-Rat Alexa Fluor 488/555/647 Life Technologies N/A

Donkey anti-Goat Alex Fluor 488/555/647 Life Technologies N/A
Chemicals, Peptides, and Recombinant Proteins

Tamoxifen (Z-4-Hydroxy-tamoxifen) Sigma-Aldrich H-7904
Metacam Boehringer Ingelheim NADA 141-219
Paraformaldehyde (PFA) Sigma-Aldrich 441244
Clear Frozen Section Compound VWR 95057-838
RNAscope Fluorescent Multiplex Advanced Cell Diagnostics 320850
Reagent Kit

Hoechst 33258 Sigma-Aldrich 14530
Normal Goat Serum Jackson ImmunoResearch 005-000-121
Collagenase IV Sigma-Aldrich C5138
Dispase 5 StemCell Technologies 7913

HBSS GIBCO 14175-095
Fluoresence Mounting Media, Agilent S303380-2
Mounting Media

Trypsin Sigma-Aldrich 441244
Fetal Bovine Serum (FBS) Thermo Fisher SH30071.02
DMEM ThermoFisher 11885076
Bovine Albumin Serum(BSA) Solution Sigma-Aldrich 19576
Runx1 inhibitor Tocris Bioscience Ro 5-3335
All-trans Retinoic Acid agonist Tocris Bioscience 0695
Retinoic Acid Antagonist BMS 493 Sigma-Aldrich B6688
DMSO Gel Medivet N/A

Critical Commercial Assays

BD Facs Aria lll BD Biosciences N/A
RNAScope 2.0 HD Detection Kit ACDBio N/A

10X Chromium Controller 10X Genomics N/A

(Continued on next page)

Cell Stem Cell 27, 396-412.e1-€6, September 3, 2020 el



¢? CellPress

Cell Stem Cell

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Chromium Single Cell A Chip kit, 48 rnxs 10X Genomics 120236
Chromium Single cell 3’ Library & Gel 10X Genomics 120237
beaded kit V2, 16 rnxs

Chromium i7 multiplex Kit 96 rnxs 10X Genomics 120262
Chromium Chip E Single Cell ATAC kit 10X Genomics 1000086
Chromium Single Cell ATAC library & Gel 10X Genomics 1000111
Bead Kit

Chromium i7 multiplex Kit N, Set A 96 rnxs 10X Genomics 1000084
lllumina HiSeq 4000 lllumina, Genome Quebec N/A

Deposited Data

Gene Expression Ominbus (GEO)
sc-RNA-seq

Gene Expression Ominbus (GEO)
sc-ATAC-seq

Gene Expression Ominbus (GEO)
sc-RNA-seq Muscle MP

Gene Expression Ominbus (GEO)
sc-RNA-seq Heart MP

This paper

This paper

Scott et al., 2019

Soliman et al., 2020

GEO: GSE108677

GEO: GSE131600

GEO: GSM2976778

GEO: GSM2976778

Experimental Models: Organisms/Strains

aSMACERT2:Rosa YFP Rahmani et al., 2014 N/A
Hic1°meERT2: Rogg tdTomato Scott et al., 2019 N/A
Nu/Nu Charles River N/A
aSMAcreEHTZ thomato: Hic1 flox/flox This paper N/A
C57BL/6J Charles River N/A
Oligonucleotides

YFP UofC Core DNA services N/A

Cre UofC Core DNA services N/A
tdTomato UofC Core DNA services N/A

Hic1 flox UofC Core DNA services N/A
Software and Algorithms

R R 3.4,3.5, 3.6
RStudio RStudio 1.2.5042
Cellranger 10X Genomics 3.1.0
Seurat Satija Lab v.2.3, 3.0, 3.1
SCENIC Aerts Lab 1.0.0.3
RcisTarget Aerts Lab v.1.2.1
AUCell Aerts Lab v.1.4.1
Cicero Trapnell Lab v.1.3.1
lllustrator CC Adobe CC 2015
Photoshop CC Adobe CC 2015
ggplot2 Tidyverse v.3.1.1
Prism 6 GraphPad 6.01
Prism 7 GraphPad 7.01
Microsoft Excel Microsoft 2016
CellPhoneDB CellPhoneDB.org v.1
clustree Oshlack Lab v.0.4.2
R Shiny https://shiny.rstudio.com/ v.1.4.0.2
shinythemes CRAN v.1.1.2
shinyLP CRAN v.1.1.2
Cellranger-ATAC 10X Genomics v.1.1.0
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Loupe Browser 10X Genomics 3.1.0
BioRender BioRender.com N/A

Leica software Leica N/A
Olympus sotfware Olympus N/A

Other

RNA probe Hic1 ACDBIo 464131
RNA probe Crabp1 - C2 ACDBIo 474711-C2
RNA probe Prss35 - C3 ACDBIo 492611-C3
Rspo3 - C3 ACDBIo 402011-C3
GitHub links: https://github.com/ This Paper N/A

BiernaskieLab

RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by Dr. Jeff Biernaskie (jeff.
biernaskie@ucalgary.ca).

Materials Availability
This study did not generate new unique plasmids/reagents.

Data and Code Availability

Single cell RNA-Seq data are available at NCBI GEO (which automatically makes SRA deposit) with the following accession number:
GSE108677. Single cell ATAC-Seq data is available at: GSE131600. Single-cell RNA-Seq datasets used for cross-tissue mesen-
chymal progenitor integration can be access through NCBI GEO with the following accession numbers: GSM2976778 (muscle)
and GSM2976778 (heart). Single-cell datasets can be further explored freely at http://biernaskielab.ca/wound_atlas or http://
biernaskielab.com/wound_atlas. Associated analysis scripts and raw files is available at: https://github.com/BiernaskielLab/
Rodent_Wound.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

All procedures received prior approval from the University of Calgary Health Sciences Animal Care Committee and all experiments
were completed in accordance with the Canadian Council of Animal Care guidelines. All fate mapping experiments used adult oS-
MACTeERT2:RosaYFP mice (referred to as “aSMA-YFP”) (Rahmani et al., 2014) or Hic1°®ERT2:Rosa'Toma mice (referred to as “Hic1-
tdTomato”) the generation of which are described elsewhere (Scott et al., 2019). Cre-recombination was initiated with two intraper-
itoneal (i.p.) injections of 4-hydroxy-tamoxifen (4-OHT; 0,2 mg in sterile sunflower oil, Sigma-Aldrich) at postnatal day (P) 3 and 4.
Excision wounds were done 3-4 weeks later. For cell transplant experiments, 6-week-old nude mice (Nu/Nu; Charles River) were
used as recipients. aSMACERT2:Rogg tdTomato i gfloxfflox referred to as Hic1191°%) and their littermates control aSMASERT2;
Rosa t9Temato i fWIWT (referred to as Hic1“Y™Y) mice were used for the conditional KO of Hic7 in myofibroblasts.

METHOD DETAILS

Wound-Induced Hair follicle Neogenesis (WIHN) assay

Full-thickness excision wounds were performed on mice treated with analgesic Meloxicam (Metacam®, 25 mg/kg reconstituted in
100 uL of sterile saline) subcutaneously and anesthetized using isofluorane (5% induction; 3% maintenance). Full-thickness square
excisions (> 1.5cm diameter) were made on the mid-dorsal skin and analgesia (25 mg/kg Metacam® reconstituted in 100 pL of sterile
saline) was provided subcutaneously 24 h post-wound. Wounds were left to heal, and healed skin was harvested between 10 to
28 days post-wound. Neogenic HFs were quantified by whole-mount imaging using a V5 Slide Scanner (Olympus Life Science).

Histology, immunofluorescence staining and image analysis

Skin was excised, fixed in 2% paraformaldehyde at 4°C for 48 hr and subsequently snap frozen in OCT compound (Sakura) and then
cryosectioned at 50um thickness. (Leica Biosystems). The incorporation of YFP* or tTomato™ cells into the DP and DS of neogenic
HFs in each transgenic strain was quantified for each time point (n = 3-6 mice per time point).

Cell Stem Cell 27, 396-412.e1-€6, September 3, 2020 e3
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For immunostaining, the following primary antibodies were used: rabbit anti-keratin 14 (1:1200; Covance), rabbit anti-keratin 5
(1:500; Covance), goat anti-ITGx8 and anti-ITGa9 (both 1:100, R&D Systems), rat anti-CD200 (Abcam, 1:200), Anti-CD133 Alexa
Fluor 488 conjugated (Sigma, 1:200), chicken anti-GFP (1:500; Millipore), rabbit anti-versican (1:200; Millipore), goat anti-Sox18
(1:50; Santa Cruz Biotechnology), goat anti-P-Cadherin (1:150; R&D Systems), rat anti-Ki-67 (1:100; Dako), rabbit anti-Lef1 (1:50,
Cell Signaling), goat CD26 (1:20; R&D Systems), goat integrin $1/CD29 (1:100; R&D Systems), rat Sca-1 (1:50; Abcam), goat PDGFRa.
(1:20; R&D Systems), and rat CD31 (1:200; Acris antibodies), FABP4 (1:100; R&D Systems). Corresponding Alexa-conjugated sec-
ondary antibodies were used for visualization (1:1000; Life Technologies). Nuclei were labeled with Hoechst dye (1:500; Sigma). Im-
ages were captured using a Leica SP8 spectral confocal microscope. Z stacks of all images were projected into a single image and
the full drop was digitally reconstructed by stitching the different image projections using the Leica Software. Images are tiled and
stitched with Leica Software.

Cell isolation and ex-vivo HF formation assay

We used the “patch” hair follicle formation assay (Zheng et al., 2005; Biernaskie et al., 2009) to assess the capacity of prospectively
isolated dermal populations to stimulate new HF formation. Populations included: 1) Hic7-lineage cells associated with the HF
(Hic1:tdT* CD133*/ITGa9" ITGa8*/CD200%), 2) non-follicular Hic7-lineage progenitors (Hic1:tdT* CD133 ITGa9 ITGa8 and
CD200) and 3) non-follicular Hic1:tdT" CD133 ~ CD133 ITGa9 ITGa8™ and CD200"). Isolation of dermal cells was done using a
FACSAria lll cell sorter (BD Biosciences). Each population was combined with epithelial aggregates extracted from back skin of
newborn C57BL/6 mice (P0). Dorsal skin was floated on 1 mg/mL dispase for 30 min at 37°C in order to separate the dermis from
the epidermis. The dermis was discarded, and the epidermis was transferred to a plate containing 0.25% trypsin (without EDTA)
for 3-4 min at 37°C. To inactivate the enzyme, 10% FBS was added. The epidermal sheet was then gently scraped with a scalpel
blade. Liberated epithelial cells were transferred to a 15 mL tube and centrifuged to 300 g for 3 minutes and resuspended in
DMEM. For each graft, 10,000 epithelial aggregates were combined with each dermal population. Cells were subcutaneously in-
jected under the back skin of adult male nude mice. After 14 days, grafts were harvested and the number of HFs containing Tomato*
mesenchyme (with contribution to both DP and DS) within each graft were quantified (n = 3 biological replicate experiments, with a
minimum of 3-6 grafts per population).

Single-cell RNA-Seq library construction

To isolate cells comprising wound neodermis, we created small (8 mm diameter) and large (1.5 cm diameter) full-thickness
wounds on gender-matched Hic7-tdTomato™ mice treated with tamoxifen as pups (P4-5). We FACS collected viable Hic7-tdTomato™*
and “cells from pooled wound tissues (n = 2 female mice per sample) and captured five cell populations: 1) cells in Small Wound D8
(SWD8), 2) SWD14, 3) cells in Large Wound Periphery at D14, 4) cells in Large Wound Center at D14, and 5) cells in uninjured P28 skin.
All five samples were processed according to 10X Genomics Chromium ™ Single Cell 3’ Reagent Guidelines v2 Chemistry as per the
manufacturer’s protocol. Quality control and cDNA quantification was performed using Agilent High Sensitivity DNA Kit. Sequencing
was performed first using lllumina MiSeq SR50 to approximate the number of recovered cells in each sample. We recovered 1963,
4061, 3776, 2604, and 3293 cells for Samples 1-5, respectively, with an estimated doublet rate of =3%. Based on this, we deter-
mined lane distributions for sequencing using lllumina HiSeq 4000 PE (75 bp paired end reads) with a targeted sequencing depth
of ~115,000 reads/cell. A custom reference genome was generated by appending the tdTomato sequence to the mm10 reference
genome and running cellranger mkref (Scott et al., 2019). Alignment to the modified reference genome was performed with cellranger
count (10X Genomics) and libraries were aggregated using cellranger aggr (with mapped normalization). The resulting gene-barcode
matrix was imported into Seurat v.2.3 (Satija et al., 2015) for quality control, dimensionality reduction, cell clustering, and differential
expression analysis. Cell cluster dendrograms were generated using the PlotClusterTree function in Seurat v.2.3. Unsupervised clus-
tering was done with original Louvain algorithm using FindNeighbors and FindClusters functions in Seurat v.2.3. Assignment of cell
clusters to wound regions was based either on percent sample composition (classified as being enriched for one sample type if >
70% of fibroblasts in that cluster originated from one sample; Figures 4D-4F) or based on expression of spatially validated marker
genes (i.e., Crabp1 and Prss35 marking LWC Upper dermal fibroblasts versus Mest, DIk1 and Sca1/Ly6a marking LWC Lower dermal
fibroblasts; Figures 4H-4J). Clustering trees were generated using clustree v.0.4.2 to visualize and evaluate fibroblast clusterings at
multiple resolutions (Zappia and Oshlack, 2018). Additional details regarding analytics are available at: https://github.com/
BiernaskieLab/Rodent_Wound. Gene expression signatures were calculated using the FindMarkers function in Seurat using the
“negbinom” test by looking at genes detected in a minimum of 10% of cells in populations compared. Heatmap plotting top marker
genes were generated using the DoHeatmap function with thematic modifications using ggplot2 v.3.1.1. Integration of scRNA-seq
datasets capturing resident Hic1-lineage progenitors within undamaged heart (GSM4216418), skeletal muscle (GSM2976778), and
skin (GSM2910020, this study) was performed using Mutual Nearest Neighbors (MNNs)-based anchoring strategy implemented in
Seurat v3 (Stuart et al., 2019). To identify intercellular communication, web-interface of CellPhoneDB v.1 (CellPhoneDB.org) was
used to statistically predict receptor-ligand pairs (for > 10% of cells in a cluster expressing a gene, P value 0.05, 10 statistical iter-
ations) between cell types/states defined in Seurat.

Gene Regulatory Network analysis
Single cell regulatory network inference and clustering (SCENIC) (Aibar et al., 2017) was used to infer transcription factor networks
active using scRNA-Seq data. Analysis was performed using default and recommended parameters as directed on the SCENIC
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vignette (https://github.com/aertslab/SCENIC) using the mm9 RcisTarget database. Kernel density line histograms showing differ-
ential AUC score distribution across conditions were plotted with ggplot2 v.3.1.1 using the regulon activity matrix (‘3.4_regulo-
nAUC.Rds’, an output of the SCENIC workflow) in which columns represent cells and rows the AUC regulon activity. Fold-change
(FC) difference between median AUC values was calculated and the highest changed TFs were plotted (Figures 5A-5C). Histograms
for the remaining TFs can be queried at http://www.biernaskielab.ca/wound_atlas/.

Single-cell ATAC-Seq

To isolate nuclei for use with the 10x Chromium Next GEM Single Cell ATAC v1 workflow, we pooled 50,000 cells from central do-
mains of large wound (n = 3 females) into 100l of chilled Lysis Buffer and incubated for 15-17 minutes on ice according to the
Demonstrated Protocol (10x Genomics; https://support.10xgenomics.com/single-cell-atac) to achieve > 95% lysis without nuclear
blebbing. Nuclei quantification was performed using a Countess™ Il Automated Cell Counter (ThermoFisher) and 5,000 nuclei were
targeted for transposition and capture using 10x Chromium Chip E. SCATAC-seq libraries were prepared according to the Chromium
Single Cell ATAC Reagent Kits User Guide (10x Genomics; CG000168 Rev B). Sequencing was performed using llumina HiSeq 4000
PE 100bp where ~1,600 cells with 10,364 median fragments per cell (~80% sequencing saturation) were recovered. Cellranger-atac
pipeline (version 1.1.0) was used to generate FASTQs and perform preliminary ATAC analysis including read filtering, genome align-
ment, and barcode counting. Pseudo-bulk ATAC profiles comparing Pdgfra* Crabp1* (inductive) versus Pdgfra* Crabp1~(non-induc-
tive) fibroblasts were generated using rulesets joined by logical operators as presented in Loupe Browser ATAC Tutorial (https://
support.10xgenomics.com/single-cell-atac/software/visualization/latest/tutorial-cellsubtypes). Raw Loupe ATAC file and barcodes
assigned to Pdgfra* Crabp1* and Pdgfra® Crabp1~ groups can be accessed through: https://github.com/Biernaskielab/
Rodent_Wound/tree/master/single-cell_RNA_ATAC_Integration_Large_Wound/Crabp1PosNeg_Loupe_analysis_files. Seurat v3
was used to co-embed scATAC and scRNA datasets by projecting RNA cluster labels onto ATAC dataset for cells that received >
0.5 Prediction Score. Cicero v.1.3.1 was used to calculate co-accessibility scores and predict cis-regulatory interactions (Pliner
et al., 2018). Seurat v3 was used to co-embed scATAC and scRNA datasets by projecting RNA cluster labels onto ATAC dataset
for cells that received > 0.5 Prediction Score. To visualize “pseudo bulk” profiles of integrated clusters, barcodes and their corre-
sponding labels were imported to Loupe Cell Browser (10X Genomics, v. 3.1.0) using ‘Import Categories’ option. Feature comparison
for motifs, peaks, promoter sums, and visualization using cut site tracks were generated from this integrated dataset in Loupe Cell
Browser.

Fluorescence In Situ Hybridization (RNAScope)

Skin tissue were collected, fixed and stored as mentioned above. RNAScope 2.0 HD Detection kit was used (ACDBio) for in situ hy-
bridization according to manufacturer protocol. The sections were dried for 10 min at room temperature (RT) and then washed with
1X PBS for 5 min to remove excess OCT. The tissue was then incubated in target retrieval (5min, 99°C) and then subsequently
washed in distilled water (3x) for Tmin each at RT. The tissue was washed in 100% ethanol for 15-20 s and then left to dry. Sections
were permeabilized using protease 4 (ACDBio) (40 min, 40°C). Following permeabilization, the tissue was washed with distilled water
(8x) for 3 min each. RNA scope probes acclimated to RT were then added to the tissue sections and incubated for 2 hr at 40°C. The C2
and C3 probes were diluted in C1 probe at a 1:50 dilution. Following the incubation, tissue was washed with 1X wash buffer for 2 min
twice at RT. The tissue was subsequently incubated and washed as such: AMP1 (30 min, 40°C), washed with 1X wash buffer twice
(2 min, RT), incubated in AMP2 (15 min, 40°C), washed with 1X wash buffer twice (2 min, RT), incubated in AMP3 (30 min, 40°C),
washed with 1X wash buffer twice for (2 min, RT), incubated in AMP4 (15 min,40°C), washed with 1X wash buffer twice for (2 min,
RT), and finally incubated in Hoechst 33258 (Sigma-Aldrich) (20 min, RT). Slides were mounted with fluorescent medium and left over-
night to dry.

Topical application of candidate compounds

Runx1 inhibitor (Ro 5-3335, Tocris Bioscience), all-trans Retinoic Acid agonist (0695, Tocris Bioscience), and Retinoic Acid antago-
nist BMS 493 (B6688, Sigma) dissolved in 100 uL of DMSO gel (Medivet, USA) at 100 uM were applied topically onto large wounds at
2,4,6, 8,10, 12, and 14 days post-wound. Wounds were harvested 28 days post-wound and number of neogenic follicles were
counted from each treatment.

Conditional deletion of Hic1

To conditionally delete Hic? within wound-activated aSMA* myofibroblasts, Hic1"/1°* mice were bred with aSM
Rosa'd™ma® mice to generate aSMACERT2:Rosa!dTomato:HjcWIWT o o SMACTEERT2;RoggtdTomato: e pflox/flox mice  Tamoxifen
(0.5mgin 100 uL i.p.) was administered daily either between 2 to 6 days post-wound or between 12 to 16 days post-wound to assess
early- and late-stage impact of Hic1 deficiency during healing, respectively. Fibroblast density within central and peripheral domains
of large wounds after TAM treatment was quantified from 4% PFA-fixed OCT-embedded 50 um skin sections harvested 28 days
post-wound (n = 6 per group). Density measurements were obtained by counting number of aSMA-tdTomato* cells within a stan-
dardized 50 x 50 um field of view from confocal micrographs using Leica Application Suite X (Leica Microsystems).

ACre ERT2
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To delete Hic1 in isolated dermal progenitors, TAM was applied to aSMACTERTZRosatqTomatoHic 1VWTWT or Hic 171 mice and
ITGA8*/CD200*/tdTomato* cells were FACS isolated from p28 backskin. Dermal progenitors were seeded at 3.0 x 10° cells in 48-
well plates, grown in standard media until passaging seven days later, and then reseeded at their initial primary density. Spherical
colonies were counted.

QUANTIFICATION AND STATISTICAL ANALYSIS

The number of animals used in each study is indicated in the figure legends. Studies were not randomized and investigators were
blinded to analyses. For all measurements used in this report, at least three biological and technical replicates were used. All results
are given as means + SEM. To determine the significance between two groups, comparisons were made using unpaired 2-tailed t
tests with Welch’s correction. For comparison between multiple groups, one-way ANOVA multiple comparisons and Tukey post hoc
tests were employed. All statistical analyses were carried out using GraphPad Prism 7.0 software and a two-tailed P value with 95%
confidence interval was acquired. p < 0.05 was considered as significant. The following symbols for statistical significance were used
throughout the manuscript: *p < 0.05; **p < 0.01; ***p < 0.001.

ADDITIONAL RESOURCES
Wound Atlas
To enable intuitive exploration of datasets and analyses described, a web browser interface (http://www.biernaskielab.ca/

wound_atlas/ or http://biernaskielab.com/wound_atlas) was created using RShiny (v1.1.0), shinyLP (v.1.1.2), and shinythemes
(v.1.1.2) packages.
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(Cell Stem Cell 27, 396-412.e1-e6; September 3, 2020)

In the originally published version of our manuscript, Figure 5B contained a misspelling of the gene name Prrx1 and we inadvertently
swapped the order of the two corresponding AUC plots shown for CD59a and Prrx1. To address this, we have now corrected
the misspelling and repositioned each plot with its appropriate gene in the amended figure below and in our manuscript online.
We apologize for the oversight and any resulting confusion.
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